Oxygen and carbon isotope measurements were performed on the planktonic foraminifer Globigerina bulloides from Ocean Drilling Program Site 963 in the Strait of Sicily and Site 964 in the Ionian Sea. Isotope records from both sites reflect regional climate changes in the Mediterranean superimposed on a global climatic signal. The early to late Pleistocene δ 18 O record extends into the early Pliocene and indicates that significant decreases in temperature and/or global ice volume occurred at 2.6, 0.98, and 0.46 Ma. Oxygen isotope records from both sites exhibit large amplitude fluctuations during the late Pleistocene associated with the reduction of surface-water salinities because of regional changes in evaporation and precipitation. The magnitude of these regional climate events appears to have been strongly influenced by the extent of global cooling and increases in ice volume. Carbon isotope records from both sites suggest (1) increased input of terrestrial organic matter, (2) higher nutrient concentrations within the photic zone, and (3) intensified surface-water stratification during the formation of sapropels. Data from both sites indicate no difference in the frequency of the surface-water salinity reductions, despite the fact that the deeper site (Site 964) exhibits a higher frequency of sapropels. This suggests that the reduction of surface-water salinities in the Strait of Sicily may have played a different role in the formation of sapropels at that site.
INTRODUCTION
Many Mediterranean paleoceanographic studies have focused on the formation of sapropels. These laminated sediments are usually rich in organic matter and generally are believed to have formed under anoxic or reducing conditions (Bradley, 1938; Olausson, 1961; Vergnaud-Grazzini et al., 1977; Calvert et al., 1992; Rossignol-Strick et al., 1982; among others) . Most sapropel studies have focused on the Eastern Mediterranean Basin (e.g., Olausson, 1961; VergnaudGrazzini et al., 1977; Cita and Grignani 1982; Calvert, 1983; Anastasakis and Stanley, 1986; Howell and Thunell, 1992) and units found in land-based sections (e.g., Van der Zwaan and Gudjonsson, 1986; Sprovieri et al., 1986; Howell et al., 1990; Hilgen, 1991; Lourens et al., 1992; Van Os et al., 1994) , although sapropels have also been studied in the Western Mediterranean (Kastens, Mascle, Auroux, et al., 1987) .
A key goal of most sapropel studies is to understand the mechanism by which these distinctive sediments formed. Many workers have attributed the formation of Eastern Mediterranean sapropels to the development of anoxic conditions in the Mediterranean, as a result of changes in basin hydrography (Olausson 1961; RossignolStrick et al., 1982; Sarmiento et al., 1988 ; among others). The current circulation pattern in the Mediterranean can be described as anti-estuarine, where because of excess evaporation over precipitation, surface water from the North Atlantic flows in an eastward direction with a westward return flow at depth (Wüst, 1961; Béthoux, 1979) . The deep water in the Eastern Mediterranean is formed north of the Levantine Basin and in the Adriatic Sea (Béthoux, 1989) , and a cessation of deep-water production in these regions could be the primary factor in developing bottom-water anoxia and the formation of sapropels. Distinctive "anomalies" in oxygen isotope signatures of planktonic foraminifers from sapropels (Emiliani, 1955 (Emiliani, , 1974 Stanley et al., 1975; Vergnaud-Grazzini et al., 1986; Rossignol-Strick et al., 1982; Ganssen and Troelstra, 1987; Thunell et al., 1987; Sarmiento et al., 1988; Howell and Thunell, 1992 ; among others) have been used to conclude that sapropels were formed during periods of reduced surface-water salinities, at times when the Mediterranean water balance may have been considerably different than today. An estuarine water balance may have inhibited deep-water formation by preventing the oxygen-rich waters in the northern parts of the Eastern Mediterranean from sinking. However, others have questioned the feasibility of an estuarine circulation pattern in the Mediterranean and provide alternative models to explain the formation of sapropels (e.g., Rohling and Gieskes, 1989; Rohling, 1991) .
Alternatively, many workers have attributed the formation of Mediterranean sapropels to enhanced productivity (Calvert, 1983; Calvert et al., 1992; Howell and Thunell, 1992; among others) . Under this scenario, increased surface-water eutrophication leads to the formation of reducing conditions, and enhanced organic matter preservation is the result of oxygen consumption rates exceeding renewal rates. Therefore, a key to understanding the origin of sapropels lies in understanding the hydrographic changes that occurred during their formation. Ocean Drilling Program (ODP) Leg 160 provided an opportunity to recover a transect of continuous sapropel-bearing cores from the Eastern Mediterranean that would encompass major portions of the Pliocene and Pleistocene. Previous Deep Sea Drilling Project (DSDP) efforts Hsü, Montadert, et al., 1978) were limited in terms of recovering pre-Pleistocene sediments from the Eastern Mediterranean. In addition, Leg 160 also provided the opportunity to integrate paleontological, isotopic, geochemical, and sedimentological studies that would facilitate a deeper understanding of the mechanism by which sapropels formed from spatial and temporal perspectives.
To achieve these objectives, information on temporal and spatial variations in salinity and sea-surface temperatures is necessary, as is a high-resolution stratigraphy. Isotope stratigraphy provides one approach through which these objectives can be met, as this technique has provided much information on the formation of sapropels in rela-tion to Mediterranean hydrography and climate. In this paper, we present the preliminary results of stable isotope analyses of planktonic foraminifers from Leg 160 Sites 963 and 964.
Geological Setting
Site 963 is located in the Strait of Sicily (Fig. 1) , on a low ridge between the Gela Basin and Adventure Bank (Emeis, Robertson, Richter, et al., 1996) . This ridge contains thick Pliocene-Pleistocene deposits from a small series of intrashelf basins. At ~470 m water depth, Site 963 represents the shallowest of the sites drilled during Leg 160 and is located in a region of both compressional and extensional tectonism (see Emeis, Robertson, Richter, et al., 1996 , for a complete description). Despite this, ~474 m of relatively continuous Pliocene-Pleistocene section was recovered from this site.
The westward-flowing bottom waters in the Strait of Sicily come primarily from the Mediterranean Intermediate Water (MIW), which forms from the sinking of dense surface waters (Béthoux, 1989) . Changes in surface-water hydrography in the Mediterranean during sapropel formation may have had an impact on the formation of the MIW. Stable isotope studies of planktonic foraminifers from this site should provide insight into the temporal variations in the surface waters at this location. Site 963 was also selected for the objective of extending the Pliocene and lower Pleistocene land-based paleoceanographic and climatic records (e.g., Rio et al., 1984; Thunell et al., 1985; Sprovieri et al., 1986; Van der Zwaan and Gudjonsson, 1986) into the upper Pleistocene.
Site 964 is situated on the Pisano Plateau, at the foot of the Calabrian Ridge in the Ionian Abyssal Plain (Fig. 1) . It is located at a water depth of 3650 m on a small ridge of the South Calabrian Ridgẽ 200 m above the Ionian Abyssal Plain (Emeis, Robertson, Richter, et al., 1996) . This site represents the deepest in a transect of sites drilled during Leg 160 for testing and evaluating various theories of sapropel formation. If sapropel formation depends primarily on the development and establishment of bottom-water anoxia, sapropel formation in the deeper basins of the Eastern Mediterranean should precede the formation of these sediments in shallower settings. Testing this hypothesis requires a high-resolution stratigraphic framework to constrain the timing of sapropel events at this site and to facilitate correlation with sapropels from other sites and those studied in Mediterranean land-based sections. The development of a detailed isotope stratigraphy will be an important step toward achieving this goal.
METHODS
To facilitate the recovery of a complete sedimentary sequence, multiple holes were hydraulically piston cored at Sites 963 and 964. A meter composite depth (mcd) scale was established to eliminate coring-induced gaps and overlaps in the sedimentary record and to facilitate correlation among cores from different holes for each site on the basis of gamma-ray attenuation porosity evaluator (GRAPE) analyses, magnetic susceptibility, and color reflectance data (Emeis, Robertson, Richter, et al., 1996) . Cores from Sites 963 and 964 were sampled utilizing the splice tie points outlined in Emeis, Robertson, Richter, et al. (1996) to obtain a complete composite sequence. A revised mcd (rmcd) scale for Site 964 was developed by Sakamoto et al. (Chap. 4, this volume) , and our sample depths for this site have been adjusted to this scale. A rmcd model for Site 963 is still under development, and the shipboard mcd scale is used for depth assignments in this report.
Cores from holes drilled at Sites 963 and 964 were sampled at 20-cm intervals. Because of its high sedimentation rate (over 200 m in 1.5 m.y.), Site 963 samples were analyzed at 40-cm (~3000 yr) intervals in the interest of time and resources. Samples from Site 964 were analyzed at 20-cm intervals. Samples were disaggregated and specimens of the planktonic foraminifer Globigerina bulloides were isolated from washed residues for isotopic analysis. Picked specimens were sonically treated in methanol for 2 min before 5−10 individuals were picked for each analysis. All samples were analyzed at the University of South Carolina Stable Isotope Laboratory using a VG OP-TIMA stable isotope ratio mass spectrometer equipped with an Isocarb preparation system. All stable isotope values are reported as per mil units (‰) relative to the PDB standard in δ notation. The standard error of reproducibility for all samples was <0.05‰, with a standard analyzed for every 15 samples. Table 1 provides a listing of the depths and ages of the calcareous nannofossil and paleomagnetic events identified at Site 963. The magnetostratigraphic framework described in Emeis, Robertson, Richter, et al. (1996) was utilized. Most of the Site 964 shipboard paleomagnetic record was deemed unsuitable for age determinations (see Emeis, Robertson, Richter, et al., 1996 , for further discussion). Only the Brunhes/Matuyama boundary could be identified with confidence (A. Roberts, pers. comm., 1996) and was used for age control at this site (Table 2) .
Stratigraphic Control
The stratigraphic position and ages of the biostratigraphic events are based on postcruise analyses by Di Stefano (Chap. 8, this volume) of samples from Hole 963B. Post-cruise efforts by Sprovieri et al. (Chap. 12 , this volume) also provided a revised biostratigraphy for Site 964 that is used for age control in this study. The age assignments for the Pliocene and Pleistocene bioevents are reported in Table 2 . We acknowledge that many of the age assignments used in this study are different from those reported by other workers (e.g., Castradori, 1993; Lourens et al., 1996) . Additional work will be needed to assess the differences in the biostratigraphic chronologies. Age associations for samples from both sites were calculated through linear interpolation between the chronostratigraphic control points.
SITE 963: OXYGEN ISOTOPES
The results of the isotope analyses of G. bulloides for Site 963 are provided in Table 3 and are plotted against depth in Figure 2 . Calcareous nannofossil and magnetic reversal stratigraphy indicates that the basal section of the analyzed composite is somewhere between 1.5 and 1. (Fig. 4) . We must stress that this age model is preliminary, and is provided only for the purpose of discussing the δ 18 O data within the context of a chronological framework. A more sophisticated age model will be the subject of a forthcoming paper. From the bottom of the studied section to the bottom of the C1r.1 magnetic event (0.98 Ma) δ
18
O values for G. bulloides average 1.6‰ (Table 3) . This interval includes a mixture of moderate to low-amplitude fluctuations up to 178 mcd, where a gradual decrease in δ 18 O occurs until 165 mcd. The highest frequencies of sapropels occurs within this interval (Fig. 4) . Between 1.4 and 0.98 Ma, the Mediterranean and the global ocean were under the influence of glacial-interglacial climate oscillations dominated primarily by variations in the Earth's 41,000-year obliquity cycle. However, the amplitude of the Site 963 signal during this period is higher (up to 1.5‰) than that reported in open-ocean records (e.g., Broecker, 1986) and may reflect local changes in evaporation and precipitation, in addition to global climate changes.
A nearly 3.0‰ increase in the δ
O of G. bulloides that occurs just after 0.98 Ma may reflect the intensification of Northern Hemisphere glaciation, which is reflected in δ 18 O increases in global ocean records at this time (Shackleton and Opdyke, 1976; Ruddiman et al., 1986; Williams et al., 1988) . Average δ 18 O values for G. bulloides increase by ~0.22‰ and the amplitude of the signal also becomes more pronounced, as indicated by the increase in the average deviation of δ 18 O values from the mean (Table 4) . Another major increase in oxygen isotope values occurs at ~114 mcd, between the extinction of the calcareous nannofossil Pseudoemiliana lacunosa (0.46 Ma) and the top of the section (0.038 Ma), where the δ 18 O signal increases by an average of 0.4‰ over the previous interval (Table 4 ). According to Ruddiman and Raymo (1988) the power of the 100-k.y. eccentricity cycle in global climate records culminated in a very strong signal at this time, which resulted in a more pronounced contrast between glacial and interglacial seasurface temperatures. We interpret the increase to reflect the response of the Strait of Sicily to this global climatic event. Similar observations have been documented by Thunell et al. (1990) at ODP Site 653 in the Tyrrhenian Sea. The Site 963 δ
O record contains glacialinterglacial fluctuations of up to 3.3‰, which are considerably larger than the typical 1.5‰ glacial-interglacial changes in open-ocean records during this time period (e.g., Shackleton and Opdyke, 1976; Broecker, 1986) . We interpret the high amplitude of this isotope record to reflect overprinting of the global climatic signal through the reduction of surface-water salinities in the Strait of Sicily brought on by regional changes in precipitation and evaporation. Similar observations have been made by other workers in studies of Eastern Mediterranean sapropels deposited during this time (Vergnaud-Grazzini et al., 1977 Williams et al., 1978; Williams and Thunell, 1979; Ganssen and Troelstra, 1987; among others) . This indicates that the reduction of surface-water salinities was not restricted to the Eastern Mediterranean, and therefore the δ 18 O record of G. bulloides from the Strait of Sicily can provide an important record of global and regional climatic changes.
SITE 964: OXYGEN ISOTOPES
The results of the δ
18
O analyses of G. bulloides for Site 964 are given in Table 5 and are plotted against depth in Figure 3 . Identification of the isotope stages is based on the biostratigraphy of Sprovieri et al. (Chap. 12, this volume) . There are several intervals where data gaps exist in the isotope record because of an insufficient number of specimens of G. bulloides for analysis. The oxygen isotope record of G. bulloides for this site exhibits the characteristic long-term enrichment in δ 18 O values associated with the establishment and intensification of cooler climatic conditions and glaciation during the Pliocene/Pleistocene within the Mediterranean region (Keigwin and Thunell, 1979; Thunell et al., 1990; Vergnaud-Grazzini et al., 1990) and glaciation during the PliocenePleistocene (Shackleton and Opdyke, 1976; Ruddiman et al., 1987; Shackleton et al., 1995) .
To facilitate the chronological interpretation of these data, the δ
O record of Site 964 was plotted against time (Fig. 5 ). This preliminary age model is provided only for the discussion of the δ 18 O data within the context of a chronological framework, and a more sophisticated age model will be the subject of a forthcoming paper. Table 6 provides a summary of the average values and deviations from the mean in the δ
O record for selected intervals. To remove bias, values lower than 1.0‰ from sapropel samples have been omitted in the calculating mean δ 18 O values for samples younger than 1.5 Ma. Between the lowermost part of the record and 3.6 Ma, the mean δ 18 O of G. bulloides is ~0.92‰, with relatively low-amplitude fluctuations. However, these estimates may be an artifact of the relatively coarse sampling resolution within this time interval. Between 3.5 and 3.2 Ma, the mean δ 18 O values of G. bulloides decrease to 0.82‰. Mediterranean climate at this time has been characterized as warm , as indicated by relatively low δ
O values. Therefore, the δ 18 O trends most likely reflect seasonal contrasts in temperature and changes in the overall balance of precipitation and evaporation in the Eastern Mediterranean. This interval of the Site 964 record may reflect both, and additional information (e.g., palynological data) is required to confirm this. The δ
O values of G. bulloides increase by 1.5‰ between 3.2 and 2.6 Ma ( (Table 6 ). In addition, the amplitude of the isotope signal is almost double that of the previous interval (Table 6 ). This may reflect increased cooling in this region of the Eastern Mediterranean accompanied by intensified contrasts in seasonal humidity. This may explain why glacial δ
O values at Site 964 are ~0.4‰ higher during this time period, in comparison to global records (e.g., Tiedemann et al., 1994; Shackleton et al., 1995) . At 2.6 Ma, a short-term increase of almost 2‰ occurs in δ
O values of G. bulloides, and the mean values increase by an average of 0.4‰ over the preceding interval (Table 6) . We attribute these changes in δ
O to a major increase in global ice volume resulting from intensified Northern Hemisphere glaciation. Faunal (Ciaranfi and Cita, 1973; Thunell, 1979) , palynological (Zagwin, 1974; Suc, 1984 Suc, , 1986 and isotopic Vergnaud Grazzini et al., 1990 ) studies have documented a major cooling event in the Mediterranean at this time. We conclude that the cooling event that began at ~2.6 Ma in the Site 964 δ 18 O record was most likely a response to the same processes responsible for the formation of ice-rafted debris in the North Atlantic at 2.5 Ma as described by Backman (1979) , Ruddiman et al. (1987) and .
Between 2.6 and 1.5 Ma, average δ
O values increase over the previous interval by 0.15‰ (Table 6 ). At 0.95 Ma, a 1.75‰ increase in δ 18 O occurs that most likely reflects the further intensification of Northern Hemisphere glaciation (Fig. 5) . Another major increase in the oxygen isotope record at this site occurs at 0.45 Ma, and is the largest glacial-interglacial shift occurring in this part of the record (Table 6 ). As at Site 963, this increase in glacial δ
18 O values marks the response to the global predominance of the 100-k.y. eccentricity cycle at this time (Ruddiman and Raymo, 1988) , which resulted in colder temperatures during glacial periods. In addition, the relatively high amplitude of the δ
O signal reflects the presence of sapropels and represents changes in surface-water salinities in addition to changes in the global continental ice volume and sea-surface temperatures.
CARBON ISOTOPES
The present-day Mediterranean does not exhibit a large surface to bottom-water gradient in the distribution of δ 13 C, and the overall enrichment in δ 13 C is on the order of 0.5‰ (Duplessy, 1972; Pierre et al., 1986) . This has been attributed to a combination of relatively short residence time (on the order of 100 years, Lacombe et al., 1981) and low surface-water productivity (Thunell et al., 1987; VergnaudGrazzini et al., 1990 ). This appears to be a relatively recent feature. According to Thunell et al. (1987) , the surface to bottom-water δ 13 C gradient was as great as 3.0‰ during the early Pliocene, decreasing to ~1.5‰ during the late Pliocene and gradually into the Pleistocene until modern-day values are reached. They concluded that the larger surface to bottom-water δ 13 C gradient reflected an estuarine circulation pattern with Atlantic water entering at depth, as opposed to the present anti-estuarine flow.
Vergnaud-Grazzini et al. (1986) reported a mean δ 13 C range of −0.6‰ to −0.7‰ for G. bulloides in the present-day Mediterranean on the basis of analyses of plankton tow samples. They observed that G. bulloides does not precipitate its calcite in full equilibrium with the ambient ΣCO 2 and that its δ 13 C reflects the regeneration of nutrients at shallow depths (Vergnaud-Grazzini et al., 1990) . Thunell (1978) classified this species as a member of the cool- subtropical assemblage in the Mediterranean, and it has been associated with upwelling environments in other localities (Thiede, 1978; Thunell and Reynolds, 1984) . In their analyses of G. bulloides from Hole 653A and Site 654 in the Tyrrhenian Sea, Vergnaud-Grazzini et al. (1990) concluded that relative fluctuations in the δ 13 C of this species could be utilized for estimating the magnitude of changes in surface-water stratification. Low δ 13 C values reflect episodes of strong stratification in which nutrient-rich and isotopically light water can be regenerated at relatively shallow depths. The δ 13 C values of G. bulloides may also reflect changes in the δ 13 C of the ΣCO 2 in the surface waters resulting from the introduction and remineralization of terrestrial organic matter during episodes of freshwater input into the Mediterranean (Howell et al., 1990; Thunell et al., 1990) . No attempt has been made to reconstruct major circulation patterns at Site 963 from the G. bulloides δ 13 C data. Additional studies will be required to understand the impact of the surface-water changes on the formation of the MIW and its implication for sapropel formation. No overall long-term trends can be seen in the carbon isotope records at Site 963 (Fig. 6 ) or Site 964 (Fig. 7) . At both sites, fluctuations between periods of isotopic enrichment and depletion can be seen in the δ 13 C records of G. bulloides. The G. bulloides δ 13 C record at Site 963 indicates that for at least the past 1.25 Ma, values have been lower than those reported for this species in the present-day Mediterranean (Fig. 6 ). This implies that the surface waters of the Strait of Sicily have been either (1) more productive and/or nutrient rich than the other sections of the Mediterranean or (2) that a shoaling of a deeper water mass relatively rich in nutrients into the photic zone and increased surface-water stratification occurred throughout most of the last 1.5 m.y. at this site. However, the lower mean δ 13 C of G. bulloides at Site 963 through this time period may also reflect the increased input of isotopically lighter terrestrial organic matter into the surface waters as a result of increased land-derived sedimentation at this site. Vergnaud-Grazzini (1983) has noted that near continents, the δ 13 C of the surface-water ΣCO 2 is affected by runoff, which transports meteoric waters enriched in terrestrial compounds with low δ 13 C values. This may also explain the apparent difference in the δ 13 C of G. bulloides between the sites featured in this study, as the δ 13 C values of this species at Site 963 are on the average lower than Site 964 (Table 7) .
The difference between modern and fossil δ 13 C values of G. bulloides from Site 964 exhibits distinct patterns within two depth-time intervals. Between 120 and 60 rmcd (~1.9 Ma), δ 13 C values are generally higher than the modern average, with lower values occurring during the formation of sapropels (Fig. 7) . Between 60 rmcd (~1.9 Ma) and the top of the Site 964 composite section (~0.18 Ma), G. bulloides exhibits a higher frequency of δ 13 C values lower than the modern-day average (Fig. 7) . As in the preceding interval, minimum δ 13 C values are generally associated with sapropels (see the following section, "Sapropels," for further discussion). This suggests that the intensification of productivity through the input of nutrients into the photic zone, surface-water stratification, and/or input of terrestrial or- ganic matter may have intensified as a result of climatic cooling during the Pleistocene.
SAPROPELS
A distinguishing feature of the oxygen isotope records from Sites 963 and 964 is the relatively large excursions that are associated with many of the sapropels at the sites. As discussed previously, these excursions (up to 3‰) have been previously observed by many workers (Emiliani, 1955 (Emiliani, , 1974 Williams et al., 1978; Vergnaud-Grazzini et al., 1977; Rossignol-Strick et al., 1982; Thunell et al., 1987; among others) and have been attributed to the reduction of surface-water salinities during sapropel formation rather than large increases in surface-water temperatures and decreasing ice volume (although certain sapropel intervals do not exhibit the characteristic large-amplitude decreases in the δ 18 O of G. bulloides). Oxygen isotope data for some sapropels were unavailable because of lack of sample material, and therefore the record may not reflect the true signal in these cases. The δ 18 O record of G. bulloides from Site 963 indicates that not all reductions in surface-water salinities are accompanied by events of sapropel formation in the Strait of Sicily (Fig. 2) . This is noteworthy, as the magnitude and (apparent) timing of the isotope anomalies are strikingly similar to those observed at Site 964, which contains a higher frequency of sapropels with greater organic carbon content (see Emeis, Robertson, Richter, et al., 1996 , for Site 963 and Site 964 sapropel data). This suggests that surface-water hydrography played a different role in establishing the necessary surface-productivity and/or bottom-water reducing conditions at the two sites. This interpretation is reasonable, given that the difference in depth between the two sites is greater than 3 km.
The frequency of (known) sapropel occurrence at Site 963 progressively decreases with decreasing age (Fig. 2) . The highest fre- quency of sapropels was found below the approximate level of the Cr.1r1 paleomagnetic event (0.98 Ma), after which a major cooling event occurs. Only two sapropel events occur between the Brunhes/ Matuyama boundary and the last occurrence (LO) of the calcareous nannofossil P. lacunosa (0.46 Ma) at 117 mcd. As previously discussed, the δ 18 O of G. bulloides at Site 963 indicates an additional cooling phase in the Mediterranean that is associated with the dominant 100-k.y. cycle of changes in global ice volume. The distribution of sapropels within the Site 963 δ 18 O record of G. bulloides suggests that there may be an inverse relationship between the intensity of glaciations and the frequency of sapropel formation.
At Site 964, the magnitude of the δ
18
O anomalies associated with sapropels generally increases with decreasing age (Fig. 5) . This most likely reflects how this site responded to changes in the global climate regime. The impact of glaciation most likely intensified the seasonal contrasts in the local water balance as seen in the progressively larger amplitude shifts in the δ 18 O of G. bulloides with decreasing age.
As previously discussed, sapropels at Site 963 and Site 964 generally occur in intervals when δ 13 C values for G. bulloides are lower than present day and most likely reflect increased surface-water stratification and/or input of terrestrial organic matter or nutrients into surface waters (Figs. 6, 7) . However, this is not meant to imply that sapropels are primarily the result of increased terrestrial organic matter into the Mediterranean. Previous studies (e.g., Sutherland et al., 1984; Smith et al., 1986; ten Haven et al., 1987) and shipboard analyses from this leg (Emeis, Robertson, Richter, et al., 1996) indicate that the organic matter in sapropels is primarily from a marine source. In addition, large increases in terrestrial organic carbon input would have most likely been accompanied by increases in nonorganic terrigenous sediments, thus resulting in the dilution of the organic carbon content. At Site 963, shipboard analyses of sapropels indicate the presence of marine organic matter under a regime of high rates of sedimentation (Emeis, Robertson, Richter, et al., 1996) . Thunell et al. (1990) conclude that the low δ 13 C values exhibited by planktonic foraminifers from sapropels argue against the idea that sapropels are entirely the result of increased surface-water productivity (Calvert, 1983; Calvert et al., 1992) . However, the organic carbon content of sapropels reported by Emeis, Robertson, Richter, et al. (1996) from Site 964 (up to 25%) would be difficult to achieve without a major increase in productivity. In their study of the Bannock Basin, Eastern Mediterranean Sea, Howell and Thunell (1992) concluded that the presence of anoxic conditions alone, while sufficient to form sediments ≥2% organic carbon under current productivity levels, would have been insufficient to form a sapropel of higher organic content within a reasonable time frame. As shown in Figures 6 and 7 , many of the sapropels from Site 963 and most of the sapropels from Site 964 were formed during periods where the δ 13 C values of G. bulloides were lower than the present-day average of −0.7‰ to −0.6‰ reported in Vergnaud-Grazzini et al. (1990) . Our data support the concept that sapropels may have been formed during periods of surface-water stratification when shoaling of the nutricline into the photic zone fostered increased primary production, while the stratification of the surface waters enabled this layer to reside at shallower depths, resulting in decreased δ 13 C values of G. bulloides. A comparison of organic carbon data from selected sapropels from Hole 964A does not exhibit any systematic relationship between organic carbon richness and the δ 13 C of G. bulloides (Fig. 8) . In this study we conclude that the δ 13 C cannot solely be used to estimate the magnitude of productivity increases and/or organic carbon sedimentation rates. However, isotopic analyses of other species in conjunction with G. bulloides may provide a more definitive assessment of these parameters.
No specific age assignments have been established for the Site 963 or Site 964 sapropels. At Site 964, linear interpolation of datums <0.78 Ma yields sapropel ages that are significantly different than those previously observed in the Mediterranean (e.g., Ryan, 1972; Lourens et al., 1996) . As previously mentioned, the age models for both sites will require further revision before sapropel ages can be accurately determined.
CONCLUSIONS
An isotope stratigraphy based on analyses of G. bulloides has been developed for ODP Sites 963 and 964. The isotope records from both sites provide an excellent record of major climate changes in the Figure 7 . Site 964 carbon isotope record of G. bulloides plotted against revised composite depth (rmcd). The solid lines on the left mark the stratigraphic positions of the sapropels. The planktonic foraminiferal zonation scheme is after Cita (1975) . The shaded area represents the present-day range of Mediterranean G. bulloides δ 13 C values. Mediterranean. These changes were driven by global increases in ice volume and decreasing temperatures. The regional impact of these events can be seen in the high (glacial-interglacial) amplitude of the oxygen isotope records from both sites, which reflect reductions in Mediterranean surface-water salinities resulting from changes in the rates of evaporation/precipitation and fluvial runoff within the region. The formation of organic-rich sapropels is linked to these changes in the regional water budget, and the changes in surfacewater hydrography are associated with the development of bottomwater anoxia and/or enhanced productivity.
